The silicon microring resonator is a superb platform for both fundamental studies and practical applications of various nonlinear optic phenomena. However, the highly enhanced light intensity in the ring cavity makes it quite sensitive to thermal variations and can in turn incur detrimental instability or degradation to the concurrent nonlinear processes. Here, we revisit the four-wave mixing effect in a silicon microring resonator by characterizing the detailed parametric dynamics under the influence of a dual-pump thermal behavior of the microring. We compare different pump scanning schemes and show that thermal variations of cavity modes can greatly impact the operation condition and efficiency of four-wave mixing. A synchronous pump scanning method is proposed and demonstrated to be the most applicable scheme to achieve high-efficiency parametric energy conversion in a thermally sensitive microring resonator.
Introduction
The silicon micro-ring resonator, which is a counterpart of optical ring cavity in the nano-scale world, is a promising photonic device that has been attracting extensive interest and investigation [1] . Particularly, the linear interference mechanism of microring makes it applicable to build high-quality on-chip filters for photonic and RF signal processing [2] - [5] . On the other hand, physical features of silicon microrings, including large intrinsic nonlinear coefficient, great confinement of optical mode, flexibly tailorable dispersions, together with the resonantly enhanced light intensity, also empower silicon micro-resonators as an ideal platform for nonlinear optics studies and functionalities, for instances, four-wave mixing (FWM) [6] and stimulated Raman scattering [7] . Meanwhile, silicon microring resonator is a considerably complex and sensitive system that also involves several effects besides Kerr nonlinearity, including optical bistability [8] , thermal refractive index change and expanding [9] , photoconductivity [10] , two-photon absorption, and free-carrier dispersion [11] , [18] . These effects can interact with each other and impact the dynamics of them all, especially when intracavity light intensity becomes high. Therefore, it is important to scrutinize these intertwined processes to advance our understanding and utilization of them for potential applications. In this paper, we focus on the parametric four-wave mixing process in a silicon microring resonator, which involves two intense input lights; hence, complex thermal variations in the cavity are expected to occur [9] . We conduct extensive experimental characterizations of FWM dynamics under the influence of dual-pump thermal behavior of the micro-resonator, and show that the way based on which two pumps are tuned into separated cavity resonances prominently influence the parametric energy conversion among pumps and newly generated idler sidebands.
Experiment
Our experiments use a CMOS-compatible silicon microring resonator. The ring radius is 10 m. The ring and bus waveguides are both 0.5 m wide and 0.22 m high, and there is a 210 nm gap between the bus waveguide and ring. A microscope image of the device is shown in Fig. 1(a) . For transverse electric (TE) polarization, the microring has a free spectral range (FSR) of about 1200 GHz ($9.60 nm), a Lorentzian-fitted full-width-half-maximum linewidth of 7.44 GHz, a loaded Q-factor of more than 26000, and slight normal group velocity dispersion (GVD) across the spectral range of interest with D ¼ À0:45 GHz (in conventional units D ¼ 2068:7 ps=ðnm Á kmÞÞ [8] . Of note, the accuracy of measured FSR values from the transmission is limited by laser wavelength accuracy: AE2.5 pm, correspondingly the FSR accuracy is about AE300 MHz. Meanwhile, to linearly fit the cavity GVD, the biggest difference between the FSR values is about 3.6 GHz so that we consider the laser wavelength inaccuracy approximately causes a 15% GVD estimation error. The experimental setup is shown in Fig. 1(c) . We use two programmable tunable lasers (Santec TSL-510) as the pump sources for degenerated FWM. After selective amplification by an EDFA and polarization control, the two pumps are launched into the device through an optimized on-chip grating coupler, and the overall coupling loss is controlled below 10 dB (5 dB per facet). In order to sufficiently illustrate their thermal interactions, the power of the two FWM pumps 1 are set at the same value in the series of measurements, about þ4 dBm (power into the chip after grating coupler). This pump power level can induce considerable two photon absorption (TPA) in the silicon microring. To estimate the influence of TPA, we calculated the cavity power enhancement factor B with TPA included [10] , [18] :
For our device, t ¼ 0:97 is the transmission coefficient and k ¼ 0:2431 is the coupling coefficient, 0 ¼ À0:004 is the linear cavity decay factor [10] . We assume the pump-cavity detuning ' ¼ 0 thus Eq. (1) gives the maximum B. TPA ¼ 5:0 Â 10 À12 m/W is the TPA coefficient, c ¼ 1 ns is the free-carrier lifetime [18] . Free-carrier absorption is neglected since its extent is much smaller than TPA, and the intra-cavity pump power P c is
We numerically iterate (1)-(3) until B and P c both converge to stable values. Fig. 2 shows P c and B as a function of input power P in . It is seen that TPA suppress B and retards the increase of intracavity power P c as the increase of P in . Therefore, it is postulated that lower incident pump power could result in higher efficiency. However, note that for FWM experiments, the intracavity pump power needs to be high enough that the generation of idler waves overcome cavity decay. In our experiment, we utilize P in ¼ 4 dBm ($2.5 mW), which generates receivable FWM idler powers during the pump scaning experiments to characterize the cavity thermal behaviors, while suffering from modest TPA attenuation.
To start with, we first demonstrate the most straightforward case where two FWM pumps are synchronously tuned into two adjacent cavity modes [see scheme I in Fig. 1(e) ]. Note that by The three waves involved in degenerated FWM are conventionally named as pump, signal, and idler waves. However, the two intense lasers used in this paper have identical intensities, and act in turn as pump and signal in two different degenerated FWM processes generating i1 and i2 respectively, so hereinafter we name both of them as "pump" for description simplicity.
synchronously we mean, first, the two pump laser frequencies are scanned at the same speed from shorter to longer wavelengths, and second, both pump lasers are at the same position with respect to their corresponding resonance wavelengths at each time instant during the scanning process. Practically, the second definition requires an elaborate configuration of the starting frequencies for both pump lasers so that they enter the cavity in an identical fashion. In our experiment, the pumps start from 1543.92 nm and 1553.45 nm respectively, and scan over 1.55 nm range with 1 pm step size (hold for 10 second) for both lasers. Of note, in our experiments, it takes at least more than 500 scan steps (about 90 min) for the pumps to entering the cavity resonance, so that the cavity temperature varies very slowly and can be always considered in thermal equilibrium [17] . Fig. 3 (a) and (b) shows the output optical spectra recorded synchronously with pump scanning steps. Note that the dark shadows closely beneath the pump spectra are caused by cavity resonance filtering affecting on low power ASE noise from EDFA, which approximately mark the instantaneous resonances of the loaded cavity for analysis. It is observed in Fig. 3(a) that as the two pumps are tuned synchronously from shorter to longer wavelength, the cavity resonances are thermally pushed towards the same direction due to the thermo-optic effect, letting the pumps enter resonances following a hysteretic behavior [9] . As a result, the transmitted power of both pumps gradually become smaller, viz., intracavity pump powers become larger, and concurrently two FWM idler sidebands start to appear and grow. The evolution of the two generated idlers also resemble each other: the two idlers go through their corresponding resonances in an identical way [see Fig. 3(b) ]; and the power evolution curves of them are prominently overlapped [see Fig. 3(d) ]. The mechanisms underlying these observations are multifold. Theoretically, let's denote the detuning to the thermally shifted resonances for pumps (p1 and p2) and idlers (i1 and i2) as
, where Á dp denotes the difference of starting detunings for p1 and p2, Á GVD represents GVD induced detuning discrepancy, Á np1 ¼ FðP p1 þ 2P p2 Þ and Á np2 ¼ FðP p2 þ 2P p1 Þ are nonlinear phase modulation on p1 and p2, respectively [12] , denotes nonlinear coefficient of silicon waveguide, and FðÞ ¼ f fsr =2 maps phase shift to equivalent cavity detuning. Given that: i). the pumps are identically tuned into cavity resonances, so Á dp ¼ 0); ii) GVD is neglected as it is much smaller than the linewidth of the four adjacent cavity modes occupied by pumps and idlers, so Á GVD $ 0 [13] ; iii) the nonlinear phase shift of the two pumps are canceled out as they always have equal power, P p1 ¼ P p2 Þ. Then we have:
Of note, idlers are too weak to influence pump detunings, but pumps do modify the effective detunings of i1 and i2 via cross-phase modulation (XPM): Á ni1;ni2 ¼ Fð2P p2 þ 2P p1 Þ. Based on the energy conservation law of FWM, we obtain: Fig. 3(b) . Moreover, Fig. 3(c) illustrates the variation of Á d as the pumps go through resonances. At the early inception of the two idlers [see Region-1 in Fig. 3(d) ], i1 and i2 are not quite inside the resonances compared to p1 and p2, implying that Á d is relatively large and the generated idlers are not resonantly enhanced. The identical detunings of i1 and i2 in this regime also confirm that Á d is attributed to nonlinear phase shift, instead of GVD.
Afterward, as the pumps enter deeper into resonances, intracavity pump powers increase, which in effect decreases Á d and the idlers are subject to better resonant enhancement (note that Á d is not linearly proportional to P p1 =P p2 [14] ). Importantly, given that the cavity GVD is negligible, Á d also represents the phase-mismatching of the degenerated FWM processes [15] , and the decrease of Á d means increase of energy conversion efficiency from pumps to idlers. Therefore, under such three-fold enhancement, i1 and i2 experience rapid increase within region-2 labeled in Fig. 3(d) . Then, as the pumps keep entering into cavity resonance, the coaction of further increased pump power and accompanied nonlinear phase shift renders a stable growth of i1 and i2 (Region-3). Importantly, we see that i1 and i2 reach their peak power of À45.11 dBm and À44.38 dBm simultaneously as p1 and p2 reach the zero-detuning points, corresponding to FWM conversion efficiency of À37.29 dB and À37.25 dB, respectively. 2 Finally, when the pumps are further scanned into the red-detuning region, intracavity pump powers suddenly diminish, the resonances return to the cold-cavity states [9] , and the FWM idlers disappear.
According to the above demonstration and analysis, it is clear that FWM process in a silicon microring cavity is accompanied and influenced by thermal behaviors of the ring. Succinctly, the thermal dynamics of the ring determines the effective detunings of the two pumps, and the pump detunings in turn determine: i) the intracavity pump powers; ii) the detunings of the generated idlers; and iii) the phase-matching condition of corresponding FWM. All these factors together decide the ultimate FWM efficiency. We stress that the above scheme is so meticulously conducted that the two pumps heat the microring as one single pump, and high efficiency FWM idlers are generated when they uniformly reach zero-detuning wavelengths.
Next, we will check the more general cases, following the same framework of analysis. Fig. 4 shows the results of FWM experiment utilizing pump scanning scheme II sketched in Fig. 1(e) , where p2 is scanned into resonance a bit ahead of p1. The starting frequencies for p1 and p2 are 1543.88 nm and 1553.45 nm, respectively, also with 1.55 nm span and 1 pm resolution. Theoretically, for such scheme: Ádp 6 ¼ 0, and according to above derivations, we can obtain: Á p1 À Á p2 ¼ Á dp þ Á np1 À Á np2 ; and Á i1 À Á i2 ¼ 3Á dp . Experimentally, these relations are all 2 The FWM conversion efficiency in this paper is defined as the ratio between the generated idler power and the incident signal power of the corresponding FWM processes, both measured at the through port, so that the coupling loss are canceled out for all lights. illustrated in the measurements shown in Fig. 4 . First, since Á p1 À Á p2 % Á dp , the detuning for p1 is always larger than p2. Also, as p2 enters the cavity earlier, it predominately shifts all the cavity modes, making p1 hardly catch up with its respective resonance, and the intracavity power P p1 is always smaller than P p2 [see Fig. 4(d) ]. Second, the relation Á i1 ¼ Á i2 þ 3Á dp is also evidenced in Fig. 4(b) and (c), where i2 is found more inside the resonance. The above two facts bring about a much stronger production of i2 than i1. The maximum power is À51.24 dBm for i1 and À45.65 dBm for i2, corresponding to the FWM conversion efficiencies of À43.34 dB and À38.43 dB, respectively. Compared to scheme I, the overall FWM efficiency obtained here is lower, mainly because pump p1 is precluded from the cavity by p2, due to slight desynchrony between them. Moreover, as the two pumps enter the cavity one after the other, the thermal variation of the ring is rather complex, which result in constantly change of P p1 and P p2 , and in return varies the generation efficiency of i1 and i2. Consequently, as p1 and p2 enters cavity, the evolution of i1 and i2 are rather complex [see the inset of Fig. 4(d) ], making it hard to reach the best FWM conversion efficiency.
Comparing Figs. 3 and 4 , it is clearly manifested that slight asynchrony of the two pumps can lead to much more complicated thermal behavior of the ring and prominent degradation of the overall FWM conversion efficiency. Further on, we conduct another kind of pump scanning scheme where the two pumps enter resonances from the opposite directions (as shown in Fig. 1(e) scheme III) . Here p1 is initially fixed to the red side of the cold cavity resonance (fixed at 1544.55 nm), while p2 is scanned into cavity from blue to red (1553.45 nm to 1555.00 nm, with 1 pm step size). The experimental results are summarized in Fig. 5 , it is observed that the pump evolutions significantly deviate from the typical 'thermal triangle', indicating even more complex thermal dynamics than scheme I and II. In particular, as p2 shifts the cavity resonances toward the longer wavelength, the red-shifted resonance encounters p1 at point 'a' as labeled in Fig. 5(d) , and the intracavity power begins to increase in acceleration. Importantly, since p1 is in the red-detuning region (thermally unstable), it pulls the cavity resonances to longer wavelengths very quickly that the scanning speed of p2 becomes slower than the speed of thermal shift, forcing p2 to leave the cavity. As the result, during this period the generation of i2 decreases while i1 increases. Still, we have Á p1 À Á p2 ¼ Á dp ðtÞ þ Á np1 À Á np2 , but now Á dp and Á np1 À Á np2 changes dramatically, hence Á i1 and Á i2 do not have a fixed relationship [see Fig. 5(b) and (c) ]. At point 'b,' p1 reaches its corresponding zero-detuning while p2 is still bluedetuned, and the power of i1 is still much higher than i2. Later on, as p2 keeps heating the ring, p1 crosses into the blue-detuning region. During this stage, p2 starts to go in resonances while p1 goes off. Such an opposite action of p1 and p2 retards the thermal shift of cavity resonances between point 'c' and 'd' [as highlighted in Fig. 5(b) ], bringing about a section of uniform and stable evolutions of p1/p2 as well as i1/i2, within which the powers of i1 and i2 are maximized. After the point 'd,' p2 again speeds up entering resonance until point 'e' and afterward goes out from the red-detuning region, whilst p1 goes out from the blue-detuning region, and the FWM process comes to a halt. During the whole process with seriously convolved thermal and nonlinear effects, the maximum powers (conversion efficiencies) for i1 and i2 are À47.08 dBm (À39.54 dB) and À46.43 dBm (À39.28 dB), respectively, yet they are inferior to the performance of scheme I. The series of experiments presented above demonstrate the tight connection between the dual-pump thermal behavior of silicon microring resonator and the FWM process within it. The thermal shift of cavity resonances not only modifies intracavity pump powers, but also influences the phase-matching conditions between pumps and idlers, and the resonant enhancement of the generated idlers, and all these parameters together decide the FWM efficiency. Amongst our demonstrations, best FWM efficiencies are achieved by utilizing synchronous pump scanning scheme, which benefits from the most uniform and effective thermal-locking of both pumps. Asynchrony of pumps significantly complicates the thermal behaviors of the microring resonator and severely degrades FWM efficiency. As shown in Figs. 4 and 5, with badly configured initial conditions, regular input pump scanning leads to rather irregular idler evolutions. There might be some points within the tortuous development of idlers where favorable FWM efficiency could be obtained, but such a critical point is either scarce or arduous to access.
In addition, we note that traditionally adopted methodology for FWM process is to individually tune the pumps to resonance, alter one or both pump powers, record the idler sidebands, and calculate the conversion efficiency [6] , [16] . However, according to our discussion above, it is postulated that the alteration of pump powers can also induce thermal variation of the microring, making it difficult to accurately extract the pure parametric conversion efficiency. Fig. 6 gives two demonstrations following the conventional measurement steps. For comparison we deliberately put pumps at different initial positions inside the cavity resonance, as schematically shown in the inset of Fig. 6(c) and (d) . Then we sweep the power of pump p2 from 1 mW to 27 mW at 100 W step. It is observed that the change of the input pump power indeed shifts the cavity resonance, affects the intracavity power buildup for p1 and p2, and modifies the generation of FWM idlers. Particularly, as shown in Fig. 6(a) and (c), the increase of input pump power pulls the cavity modes to longer wavelengths so that p1 leaves the cavity, and therefore the generations of FWM idler waves are quite weak. On the contrary, for the case shown in Fig. 6(b) , p1 and p2 both are initially red-detuned, so that the increase of P p2 leads to the increase of P p1 , and both idlers grow rapidly. Beyond the point 'a' in Fig. 6(d) , p2 crosses into the bluedetuning region ahead of p1, then the power change of the two pumps once again becomes quite entangled. After examining these curves it is apparent that, as pump power being modified, the evolution curves of idlers do not merely reflect the change of parametric conversion efficiency, but also involve contributions from the thermal dynamics of the ring. These results again remind us to pay better attentions to the thermal kinetics of micro-resonators while investigating any nonlinear processes inside them.
Conclusion
To conclude, we conducted detailed characterizations of the FWM effect in a silicon microring resonator, and demonstrated that the thermal behavior of the microring in the presence of two intense pumps can prominently modify the intracavity pump power distributions and substantially impact FWM performances. Nevertheless, relatively high conversion efficiencies (about À37 dB in a 10-micron-radius ring) are achieved with a synchronous pump scanning scheme, which we suggested as the most applicable method for resonantly enhanced FWM in microresonators. Finally, it is worth mentioning that, besides thermal resonance shifts, the cavity modes of silicon resonators are also subject to the influence of free-carrier plasma dispersion, which is of lower intensity but much faster response time compared to thermal process. As we focused here on the steady-state FWM performances using continuous-wave pumps with power level G þ10 dBm, free-carrier effects were neglected. However, it is interesting and important to investigate the impact of free-carrier dynamics on FWM as well as other nonlinear processes in silicon resonators that involve high bit-rate data signals with high pulse peak power, which will be presented in our subsequent work.
